The relationships between the pressure inside the cuff of a tracheal tube, the pressure exerted on the wall of the trachea, and the pressures at which gas and liquid can leak past the cuff have been the subject of several meticulous studies. So also have the clinical effects of pressure on the tracheal wall. Less attention has been paid to changes in these pressures with time.
It is well known that, in cuffs inflated with air, the intracuff volume and pressure increase in the presence of nitrous oxide because nitrous oxide diffuses into the cuff faster than nitrogen diffuses out (Stanley, Kawamura and Graves, 1974) . On the other hand, in patients ventilated with air for long periods in an intensive care unit, Jacobson and Greenbaum (1981) have shown that the intracuff pressure of p.v.c. cuffs decreased over a long period of time and they inferred that there could be an increased risk of aspiration. It is also known that the different volatile anaesthetic agents have different rubber:gas partition coefficients (Titel and Lowe, 1968) and that the solution of these agents in rubber swells the rubber to different extents. (This effect has been utilized in the Drager-Narkotest anaesthetic gas meter (White and Wardley-Smith, 1972) .) Therefore, volatile anaesthetics may have an effect on the functioning of tracheal tube cuffs. Whatever the circumstances, what matters is not so much the pressure within the cuff per se, but the pressure exerted on the wall of the trachea, the pressure at which any liquid above the cuff would begin to track down into the trachea and bronchi, and the airway pressure at which gas would begin to leak past the cuff out of the lungs. 
SUMMARY

Laboratory leak-past pressure studies
These studies were performed using new, cuffed tracheal tubes, all having an internal diameter of 9.5 mm and all with the cuffs inflated with air. The three gas mixtures to which the cuffs were exposed were air, air with 1.5% halothane and air with 2.5% enflurane.
The changes in the intracuff pressure and leak-past pressure were measured, usually over a 90-min period, with the cuffs of the tubes inflated in an artificial trachea. Four investigations were performed with each of the three types of tube, and each of the three gas mixtures-a total of 36. Most of the studies with air were continued for 16 h. Four additional investigations were performed, all with p.v.c. tubes and air, but with a layer of wet filter paper lining the inside of the artificial trachea.
The'' trachea'' was a test tube of 20 mm internal diameter, approximating to that of the average adult male trachea (Mehta and Myat, 1984) , immersed in a thermostatically-controlled water bath at 36 °C ( fig. 1 ). Each tracheal tube was placed in the prewarmed test tube, and its cuff was connected via a pressure transducer (A) (Bell and Howell 4-327-1) to a 10-ml syringe with 1-ml calibrations. Air was supplied via a vaporizer and fine inlet tube to the bottom of the test tube and then allowed to escape via an "exhaust" tube. An identical pressure transducer (B) indicated the "airway" pressure. The transducers were calibrated against a mercury manometer before and after each experiment and their outputs were recorded continuously throughout each study.
The longitudinal groove in the cuff of the red rubber tube prevented a perfect seal. Therefore, the leak-past pressure for all tubes was determined by finding the pressure at which some small constant flow leaked past the cuff: the inlet was blocked and a flow of air at 250 ml min" 1 was connected to the exhaust tube (fig. 1) ; this caused the airway pressure to increase over a few seconds to a limiting value which, with the red rubber and latex tubes, was steady and was taken as the leak-past pressure. With the p.v.c. tubes, the airway pressure increased to a peak and then decreased to a steady value. Therefore, "peak" and "steady" leak-past pressures are distinguished for these tubes.
The desired initial (steady) leak-past pressure (4 kPa) was obtained at "Omin", by repeated determination and cuff volume adjustment. The final cuff volume was determined (see below), the syringe was clamped off to prevent leaks, the leak-past pressure was verified, and the 250-ml min" 1 flow replaced by the main air supply, at 4 litre min" 1 , via the appropriate vaporizer when required.
During the experiment, the leak-past pressure was determined, three times in succession, at 5, 10, 15, 30, 45, 60, 75 and 90 min. The corresponding intracuff pressure was taken as that recorded immediately before and after this manoeuvre because, during the manoeuvre, the cuff was compressed by the increased "airway" pressure (Black and Seegobin, 1981) .
At the end of each experiment (90 min or 16 h) the cuff volume was determined as at the beginning: air was withdrawn from the cuff and balloon into an empty 10-ml syringe until transducer (A) indicated 0 kPa. The volume in the syringe represented the volume that had to be injected (and which was reinjected at the beginning of the experiment) to obtain the current leak-past conditions. The geometric volume of the cuff in the " trachea " was calculated from this by allowing for the differences of pressure and temperature between syringe and cuff and for the volume of the pilot balloon (equation (1) in the appendix). For brevity, the two volumes will be referred to as "syringe volume" and "cuff volume".
Cuff diameter studies
In order to obtain a more direct measure of changes in cuff volume, the dimensions of unrestrained cuffs were measured over a 90-min period. Six samples of each of the three types of tracheal tube, with cuffs immersed in air or air with 1.5% halothane at room temperature, were measured-a total of 36 experiments.
Each tube was suspended vertically with pressure transducer (A) and syringe attached as in figure 1. The cuff and balloon were inflated with a predetermined volume of air, typical of that found necessary for each type of tube in the leak-past experiments, and the syringe was clamped off. The diameter of the inflated cuff was measured by means of a travelling microscope in three planes (at the " equator " and 1 cm above and below) and from two directions at right angles to each other. The measurements were made at 0,45 and 90 min. In between measurements, a clamp was applied between the pilot balloon and the pressure transducer so that any leaks at the connections to the transducer would show up as a decrease in pressure. (None was found.) The cuff was immersed in flowing air or air with 1.5% halothane during this period of time.
The outer diameters of the tracheal tubes were measured just above and just below each cuff in two directions at right angles to each other by means of a micrometer screw gauge.
The change in the cuff volume, from beginning to end of the experiment, was calculated from the diameter measurements according to equation (2) in the Appendix and corrected for any change in room temperature which occurred during the experiment.
Clinical study
The subjects were fit adults of either sex, scheduled to undergo elective middle-ear surgery of a type not requiring appreciable movement of the head. They were anaesthetized without the use of nitrous oxide. Twenty-four patients were studied, eight with each of the three types of tube.
Anaesthesia was induced with thiopentone, a neuromuscular blocking drug was administered, and the trachea was intubated with a cuffed tracheal tube of the appropriate size without the use of lubricants or local anaesthetic agents. The tube was secured firmly and the patient was positioned as required for surgery. The cuff was inflated partly and the lungs were ventilated manually with halothane or enflurane in oxygen.
Leak-past pressure was determined by closing the expiratory valve, compressing the reservoir bag, and then holding it steady while the fresh-gas flow (8 litre min" 1 ) continued the inflation process. The pressure at which leakage was detected by auscultation over the suprasternal notch was taken as the leak-past pressure although, in some patients, the pressure decreased subsequently to a somewhat lower steady value. The desired initial leak-past pressure (2 kPa with the Portex Blue Line tubes and 3 kPa with the red rubber and armoured latex tubes) was obtained at "zero" time, by repeated determination and cuff volume adjustment.
During surgery, anaesthesia was maintained with the aid of a narcotic and halothane or enflurane in oxygen-enriched air delivered by a ventilator. The leak-past pressures were determined at 15 min after zero time and then at 30-min intervals.
RESULTS
Tables I and II and figure 2 summarize the results of the laboratory studies of leak-past pressure. Table III shows the changes in cuff volume calculated from the measurements of cuff diameter. Table IV shows the results of the four experiments when the artificial trachea was lined with wet filter paper. Figure 3 shows the changes in leak-past pressure which were obtained in the clinical study.
Although there was no appearance of nonnormality of the distribution of the results, there was some inhomogeneity of variances so, for comparison of groups, non-parametric statistical tests were used: the Mann-Whitney for two groups, the Kruskal-Wallis for three. For testing the mean of a single group the t test was used.
DISCUSSION
Main laboratory studies of leak-past pressure
Initial volumes and pressures. It is interesting first to examine the basic characteristics of the three types of cuff in terms of the volumes and pressures needed to innate them to the required leak-past pressure (4 kPa).
The volume of gas required (column 1 of table I) to inflate red rubber cuffs was notably higher (nearly 10 ml) than that for latex (8 ml) or p.v.c. (7 ml) cuffs, although even the difference between latex and p.v.c. was significant (P < 0.005). However, the initial intracuff pressures required for the red rubber and latex cuffs were much higher than for p.v.c. cuffs (with no significant difference between red rubber and latex). As a consequence, the initial volume of the cu/f (column 2 of table I) was almost the same for the latex (4.7 ml) and p.v.c. (5.0 ml) tubes, but substantially greater (P< 0.001) for the red rubber tubes (6.3 ml). Measurements showed that the expandable portions of the cuffs were of similar mean length (3.6, 3.9, 3.8 mm for latex, p.v.c. and red rubber, respectively). Therefore, the extra volume required in the red rubber cuff may perhaps be that necessary to make the groove between cuff and test tube long enough and narrow enough to achieve the standard leak-past conditions.
Changes in pressures. In respect of the changes in intracuff and leak-past pressures over 90 min, the differences between gas mixtures were significant for only one of the seven comparisons between the three mixtures, that for intracuff pressure in the p.v.c. tubes, and then only at the 5% level. It seems that any effects of volatile anaesthetics were too small to show up in these investigations.
When the results for the different gas mixtures were pooled (table II), the differences between types of tracheal tube were significant for changes of both intracuff and leak-past pressures over 90 min, and for leak-past pressures over 16 h; even the small difference in the change of the intracuff pressure between red rubber and latex tubes over 90 min was significant (P < 0.02). The time trends for these pressures over 90 min are shown in figure 2. The striking difference here is that, whereas the intracuff pressure decreased in all three tubes, leak-past pressure actually increased in the p.v.c. tubes-by more than 100% in the case of the peak leak-past pressure. After 16 h, the red rubber and latex tubes were no longer maintaining a seal (table  II) whereas, with the p.v.c. tubes, the peak leak-past pressure was still increased by over 50 % although the steady leak-past pressure had decreased by 35 %.
Change in volume. With all three tubes the syringe volume decreased (table II) , as is to be expected from the diffusion of air through the cuff material. However, with the p.v.c. tubes, the decrease was of only borderline significance at 90 min and was still only 0.2 ml even after 16 h. The cuff volume decreased less than the syringe volume or was virtually static. The difference (cuff volume change minus syringe volume change) was positive for every individual tube and significant (P < 0.001) for all three types of tube; that is, the volume of the cuff increased relative to the mass of gas contained in the cuff plus the balloon. It seems that the cuff material stretches slowly with time, or "creeps", under the continuous stress; if so this will contribute to the decrease in intracuff pressure. (The alternative explanation, that the material of the much smaller balloon shrinks markedly, seems highly improbable.)
Studies on cuff diameter
The estimates of volume in the laboratory studies of leak-past pressure are imprecise because they were made with a 10-ml syringe and, in the case of cuff volume, were indirect. It was in order to obtain a more direct and more precise measurement of changes in cuff volume that the cuff diameter experiments were undertaken. The greater precision achieved is shown by the smaller values of SD in table III compared with table II. Again, there was no significant effect of halothane. Pooling the results for air and air plus halothane showed that the changes in the volume of the cuff were all very small: only the red rubber cuffs showed a significant change and even there the 95% confidence limits of the mean were -0.12 ml to -0.04 ml. On the other hand, the syringe volume decreased to about the same extent as in the leak-past pressure experiments. Therefore, once again there was evidence of creep, even though the circumstances were somewhat different (cuff unrestrained and undisturbed at room temperature, instead of being constrained and periodically compressed at 36 °C).
Laboratory leak-past pressure experiments with wet filter paper
It was feared that the increase in leak-past pressure with the p.v.c. tubes, or at least the increase of the peak pressure, might have been the result of the adhesion of the p.v.c. to the glass of the test tube. Lining the test tube with wet filter paper was designed to prevent this and generally to be a little more realistic. Certainly, this largely eliminated the difference between the changes in peak and steady leak-past pressures (table IV) and generally resulted in a decrease in leak-past pressure. However, the results are not strictly comparable with the "dry" experiments because the filter paper diminished the internal diameter of the test tube by 0.35 mm, so that our standard 9.5-mm diameter p.v.c. tubes required only a small syringe volume (5 ml instead of 7 ml) and a low intracuff pressure (about 2 kPa instead of 7 kPa) to achieve the standard 4 kPa initial leak-past pressure. Using a 9-mm tube had little effect and with an 8.5-mm tube the requisite volume and intracuff pressure were high (8 ml and 12.5 kPa) and this did lead to a small increase in leak-past pressure over 90 min. Rather than pursue this unpromising line, it was decided to undertake the clinical study.
Clinical study
The trend of leak-past pressure with time is shown in figure 3 . In view of the lack of realism of some of the conditions in the laboratory experiments, it was agreeably surprising to find that the leak-past pressure with the p.v.c. tube did indeed increase, a little more than the steady leak-past pressure in the laboratory, but much less than the peak leak-past pressures. Therefore, perhaps the peak laboratory leak-past pressures were indeed caused by adhesion. There was also a good match between the laboratory and clinical studies in respect of the decrease in leak-past pressure with the latex tube. On the other hand, with the red rubber tube, the leak-past pressure decreased a little more than with the latex tube instead of substantially less. This discrepancy may be attributable to the groove in the cuff: in the laboratory this provided a continuous leak so that changes in leak-past pressure may have arisen from changes in the size and length of the groove rather than from separation of the cuff from the wall of the test tube as with the other cuffs. In the patient, on the other hand, it seems likely that the groove was filled with mucus so that leakage occurred by separation of the cuff from the tracheal wall as with latex and p.v.c. cuffs.
CONCLUSIONS
With all three types of tube, air diffused out of the cuffs, thereby tending to diminish their volume, although the amount was very small with the p.v.c. tubes. Again, with all three types, the cuff material crept under stress, thereby tending to increase cuff volume. Both these phenomena contributed to a decrease in the intracuff pressure, but they had opposing, and nearly cancelling, effects on cuff volume. It is not immediately obvious, theoretically, whether creep-by increasing cuff volume but decreasing intracuff pressure-can be expected to increase or decrease leak-past pressure. However, the practical outcome of this study was that the leak-past pressure decreased consistently with red rubber and latex tubes, but increased over at least the first 75 min with p.v.c. tubes in both the laboratory and the clinical studies. Thus, whereas it has long been recognized that the intracuff pressure is no guide to the pressure exerted on the wall of the trachea, it is now clear that even changes of intracuff pressure are an unreliable indication of changes of leak-past pressure. Furthermore, contrary to the deduction of Jacobson and Greenbaum (1981) , a decrease in intracuff pressure in p.v.c. tubes with standard cuffs does not necessarily imply an increased risk of aspiration.
Halothane and enflurane have little effect on performance when the only gas present is air. The groove on the red rubber cuff makes it difficult to perform realistic tests in the laboratory. Note that, although equation (2) uses Fci, a small random percentage error in VQ\ will produce an equal percentage error in A V c calculated from (2), but a large percentage error in the small difference between two estimates of Fci calculated from(l).
